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Snapping turtles have temperaturedependent sex determination (TSD), such that males are produced when the eggs are incubated between 22 and 280C and females are produced at incubation temperatures outside this range (6) . TSD is mediated through differential hormone action or production (7) , so hormones have an upstream or causal role in sex determination. Exposure of snapping turtle eggs to 17p-estradiol during incubation at male-producing temperatures produced all females (8) , whereas exposure to estrogen antiserum caused some masculinization of embryos at female-producing temperatures (7) . Female differentiation in snapping turtles appears to be primarily estrogen dependent, whereas male differentiation appears to be dependent on the absence of estrogen (9) . Many potential endocrine disrupting compounds are present in snapping turtle eggs and may influence sex differentiation (10) . There is evidence that reptiles are sensitive to endocrine disruptors. Slider eggs (Trachemys scripta) exposed to estrogenic PCBs produced females at male-producing temperatures (11) . Furthermore, the presence of these organochlorines may disrupt normal endocrine function and morphology in sexually mature reptiles. Female alligators (Alligator mississippiensis), at a site contaminated from a spill of Dicofol and DDT, had abnormally high concentrations of 170-estradiol in blood plasma, whereas males had depressed testosterone levels and increased levels of 170-estradiol. Also, juvenile alligators born after the spill had poorly organized testes and small phalli (12, 13) . Environmental contaminants have also been implicated in demasculinization of Florida panthers (Felis concolor cory:) (14), in lower sex steroid and reduced male secondary sex characteristics in white suckers (Catostomus commersoni) (15) , and in feminization of California gulls (Larus californicus) (16) .
Feminization in turtles may be expressed by changes in the circulating levels of hormones and changes in sexually dimorphic morphology. The precloacal length is longer in male turtles than in females (17 because this is where the penis is located. We examined the penis of a dissected adult male snapping turtle (carapace length = 33.9 cm); the tip of the penis in the relaxed position was within 1.5 cm from the cloacal opening. The precloacal length of male snapping turtles is usually longer than the two posterior plastron lobes, whereas it is shorter in females (17) . In males, the precloacal area grows in length faster than the carapace, whereas in females, these two areas grow at the same rate (17) . If exposure to exogenous endocrine-disrupting compounds during sexual development results in feminization, it may reduce the rate of growth of the precloacal length. Consequently, the ratio of the precloacal length to the posterior lobe (PPR) would be smaller in contaminated turtles.
We tested the hypothesis that snapping turtles from contaminated sites would be feminized when compared to snapping turtles from noncontaminated sites. We predicted that snapping turtles at contaminated sites would have depressed testosterone levels and elevated estrogen levels in their blood plasma and would have smaller PPRs. An alternative hypothesis is that variation in sexually dimorphic morphology and levels of sex steroids is dependent on abiotic factors such as temperature, length of active season, or other dimactic factors. We tested this hypothesis by determining if latitude could explain the observed differences in testosterone and estrogen levels and sexually dimorphic morphology. (5) . Jack Lake (44°42'N, 78°02'W) is a dystrophic lake with numerous cottages along the shores but no industry, and it has only background levels of organochlorine contaminants in plankton (1) . These levels are consistent with Ontario lakes that are contaminated primarily through atmospheric deposition (18 (Fig. 1) . Whenever possible, the males were positively sexed by eliciting eversion of the penis and females were identified by capturing nesting turtles. In 1995, blood samples were-obtained from adult snapping turtles (carapace length >20 cm) (18) from Lake Sasajewun, Jack Lake, Cootes Paradise, and Lynde Creek Marsh. Blood samples were taken within an hour from when the turtles were removed from the trap, usually between 0900 and 1 100 hr. Approximately 4 ml blood was taken from the caudal vein using 5-ml lithium heparin vacutainers and 22 gauge double-sided needles. The blood samples were stored in a cooler in ice and water from 1 to 5 hr and then centrifuged in a clinical centrifuge for 10 min. The blood plasma was transferred to two cryovials, frozen at -5°C, and later transferred to a -200C freezer. Plasma testosterone and estrogen levels were measured by radioimmunoassay (RIA) (20) . The plasma samples were extracted (100 p1l) by adding 5 ml diethyl ether to each sample and freezing the sample on dry ice and acetone. The ether phase was removed and evaporated and then reconstituted with assay buffer. Each sample was analyzed in duplicate. Validation of these assays for snapping turtles was based on the demonstration that serial dilutions of turtle plasma were parallel to the standardized curves (not shown).
Materials and Methods
Chlorinated hydrocarbon analysis. Blood plasma samples were frozen at -20°C until preparation for analyses by capillary gas-liquid chromatography. A total of 9 plasma samples from male snapping turtles from Cootes Paradise, 10 from Jack Lake, 4 from Lake Sasajewun, and 2 from Lynde Creek Marsh, was analyzed for PCBs and pesticides. Blood samples from females were pooled for each site and analyzed as single samples for non-ortho PCBs and PCDDs/polychlorinated dibenzofurans (PCDFs). Only samples from females were used because the entire samples from males were used for PCB and pesticide analyses. Six Paradise, four from Lynde Creek, three from Jack Lake, and seven from Lake Sasajewun were pooled for each site. The organochlorine pesticides dichlorodiphenyltrichloroethane (p,p'-DDE), 1,2,4,5-and 1,2,3,4-chlorobenzene, hexachlorobenzene (HCB), octachlorostyrene (OCS), photo-mirex (p-mirex) and mirex, dieldrin, cis-and oxychlordanes, cis-and trans-nonachlor, heptachlor epoxide, a-and P-hexachlorocyclohexane (HCH), and 37 PCB congeners were measured in the turtle blood plasma using analytical procedures described by Peakall et al. (21) (24) . The contaminant analysis of one blood plasma sample was accidently measured twice, so the mean of the two estimates was used for subsequent statistical analyses.
Concentrations of 20 PCDDs, 26 PCDFs, and 6 non-ortho PCBs were measured in blood plasma of female snapping turtles collected from all four sites using capillary gas chromatography and mass spectroscopy (25) . The blood samples were pooled for each site. Initially, samples were extracted by solid-phase extraction using a C18 bonded silica cartridge, but this extraction method was unsuccessful. Thus, liquid/liquid extraction, using Florisil column chromatography, was used instead. Samples were prepared with anhydrous sodium sulfate and extracted with DCM:hexane (1: 
Results
Morphology. The PPRs of males from the three Great Lakes' sites (contaminated sites) were significantly smaller than those from Jack Lake and Lake Sasajewun (reference sites) ( Table 1 ). There were no significant within-site differences among either the reference sites or contaminated sites. Although there were no significant differences in the PPRs or precloacal lengths between females from Jack Lake and the three contaminated sites, the PPRs and precloacal lengths of females from two of the contaminated sites were significantly smaller than those from Lake Sasajewun (Table 2) . Similarly, the precloacal lengths of both sexes were longer at control sites than at most contaminated sites. Only the male PPR was significantly different between Lynde Creek Marsh and the control sites, but since the sample from Lynde Creek Marsh was small, it was difficult to detect a difference.
There were dear differences in the modal distribution of PPR in the turtles between males and females from Cootes Paradise and Lake Sasajewun (Fig. 2) . Males PPRs than females at both sites. A significantly larger proportion of male snapping turtles from Cootes Paradise had PPRs that overlapped female PPRs than did males from Lake Sasajewun (x2 = 12.50; p = 0.0004; df = 1) (Fig. 3) . The proportion of female PPRs that overlapped male PPRs was not significandy different between Lake Sasajewun and Cootes Paradise ( x2 = 3.20, p = 0.0737; df= 1) (Fig. 3) . When we compared observer measurements within the same site (Cootes Paradise), the observers' bias in measurement error was of a smaller magnitude than the differences in morphology among sites.
Testosterone. Testosterone levels of males from Lake Sasajewun were significantly lower than levels of males from Jack Lake, but there were no other differences. Although body size varied among sites for female snapping turtles (Table 2) , no covariates were used to compare mean testosterone levels among sites for females because there was no relationship between body size or Julian date with testosterone. There were no significant differences in mean testosterone levels of females (Table 3) among sites (ANOVA, F = 0.3347; p = 0.8003; n = 50).
Estrogen. There was no difference in mean estrogen levels among sites for females (ANOVA, F = 0.4245; p = 0.7364; n = 48).
There was a significant difference in testosterone levels between males and females at Cootes Paradise, where carapace length and Julian date were covariates (ANCOVA, F= 64.0372; p<O.0001; n = 60), but not estrogen (ANCOVA, F = 0.7440; p = 0.3923; n = 57).
Latitude. There was no relationship between levels of testosterone and latitude in either males (adj r2 = -0.0254; F= 0.0728; p = 0.7888; n = 38) or females (adj r2 = 0.0024; F= 1.102; p = 0.2977; n = 47). We transformed the estrogen levels and latitude using the reciprocal transformation prior to regression analysis. There was no relationship between estrogen and latitude for either males (adj r2 = -0.0182; F= 0.3550; p = 0.555 1; n = 37) or females (adj r2 = -0.0222; F= 0.0248; p = 0.8756; n = 47). In males, there was a significant relationship between latitude and both size-adjusted precloacal length (adj r2 = 0.0968; F= 23.943; p<0.0001; n = 215) and PPR (adj r2 = 0.1515; F= 39.213; p<O.0001; n = 215).
Similarly, in females, there was a significant relationship between latitude and size-adjusted precloacal length (adj r2 = 0.0968; F= 23.943; p<0.0001; n = 461) and PPR (adj r2 = 0.1515; F= 39.213; p<O.0001; n = 461). These regressions were subdivided into contaminated and control sites, but there were no dear trends of either size-adjusted precloacal length or PPR with latitude within these two categories of sites.
Chlorinated hydrocarbons. PCB and pesticide levels were higher in blood plasma of males from Cootes Paradise and Lynde Creek than of males from Jack Lake or Lake Sasajewun (Table 4) . There were few differences between either Cootes Paradise and Lynde Creek or between Jack Lake and Lake Sasajewun except for p,p'-DDE and total PCB concentrations. However, we had low power to detect any differences due to our small sample sizes. Because there were significant relationships between testosterone concentrations and both carapace length and Julian date, a partial correlation was performed to estimate the effect that PCB and pesticide concentrations have upon testosterone levels at each site. After partialling out the effects of body size and Julian date, there were no significant relationships between testosterone levels and either PCB or pesticide concentrations at either Cootes Paradise or Jack Lake ( Table 5 ). The partial correlations were almost equally divided between positive and negative values. Similarly, there were no significant relationships between mean testosterone levels and either mean PCB or mean pesticide concentrations among all sites, although most of the values were positive.
Although 70.6% of the PCDDs/ PCDFs and non-ortho PCBs detected in the pooled samples were higher in blood plasma collected at Jack Lake than at Cootes Paradise and 57.9% were higher at Jack Lake than at Lynde Creek Marsh, the concentrations were of the same magnitude (Table 6) . If the concentrations were higher at either Cootes Paradise or Lynde Creek than at Jack Lake, then the concentrations differed by at least an order of magnitude. Generally, the contaminant levels were highest and similar in Cootes Paradise and Lynde Creek Marsh, lower in Jack Lake, and lowest in Lake Sasajewun. Similarly, there were no significant relationships between the pooled PCDDs/PCDFs and non-ortho PCBs from each site with the mean testosterone levels of either males or females.
Discussion
Our hypothesis that the sexually dimorphic morphology of adult snapping turtles would be more feminized at contaminated sites was Abbreviations: SD, standard deviation; R, reference site; Con, contaminated site; NA, not analyzed. Table 4 . Mean concentrations ± standard deviation of PCB and organochlorine pesticide (ng/g wet weight) in blood plasma of male snapping turtles from Cootes Paradise, Lynde Creek, Jack Lake, and Lake Sasajewun, Ontario, in 1995
Cootes Paradise (Con) Lynde Creek (Con) Jack Lake (R) Lake Sasajewun (R) 8Number of plasma samples used in analysis.
Environmental Health Perspectives * Volume 106, Number 5, May 1998 supported. Not only were the precloacal length and PPR smaller at contaminated sites than at reference sites but also the degree of sexual dimorphism was less pronounced at one of the contaminated sites to such an extent that errors in sexing adult turtles using only sexually dimorphic morphology were possible. We have no evidence that any of these turtles whose PPRs overlapped were intersexes, which occasionally occurs after embryonic turtles are exposed to organochlorines (10) or hormonal treatment (7, 8) . Many of the males whose PPRs overlapped with females had what appeared to be normal penises. We sexed the turtles with intermediate PPRs by the presence of the penis. The differences in morphology appeared to be better correlated with local levels of contamination than with latitude. If latitude has an effect on morphology, the relationships between PPR or precloacal length would be positive. However, when the regressions between PPR and precloacal length were performed separately within contaminated sites and then within control sites only two of the relationships were positive and six were negative or nonsignificant, suggesting that latitude does not predict morphology.
Our hypothesis that snapping turtles from contaminated sites would have depressed levels of testosterone in blood plasma compared to those from control sites was not supported. In absolute levels, the testosterone concentrations were approximately equivalent at Cootes Paradise and Jack Lake, and the lowest values were at the second reference site (Lake Sasajewun). We were surprised that males from Lake Sasajewun had lower testosterone levels than those from Jack Lake, especially because both are reference sites and Jack Lake was the closest study site to Lake Sasajewun. However, the sample size of testosterone measurements of males from Lake Sasajewun was small, so the mean estimate may not have been reliable. Although it is rare that relationships between hormone levels and contaminant concentrations are found within sites, differential sex steroid levels have been found among sites with different contaminant levels in fish and reptiles (12, 13, 28) . However, differences in activity patterns could confound comparisons between northern less-contaminated sites, and southern more heavily contaminated sites. Snapping turtles emerge from hibernation and become active sooner in southern populations (29) . Testosterone levels have been correlated with mating activity in snapping turtles (30) and estrogen levels have been correlated with the ovarian cycle (31-33); thus, activity levels, and hormone levels, may be asynchronous between the populations of different latitudes. An implicit assumption of the analysis of covariance is that the regression coefficients (i.e., the relationship of time with hormone levels) are the same for each treatment. Latitudinal differences in behavior and physiology make such comparisons difficult.
Our results are at odds with previous studies examining testosterone profiles of male snapping turtles. Testosterone levels of male snapping turtles from Wisconsin peaked in May and then declined until there was a second, smaller peak in October (30, 33) . We did not find any apparent peak in any of the hormone profiles; instead, the testosterone levels kept increasing until August, when sampling stopped. Other studies have found that estrogen levels in snapping turtles are lowest in June during ovulation and the postovulation phase, and increase again in the fall during vitellogenesis (31, 32) . However, we found that mean estrogen levels were constant over time, probably because we caught female snapping turtles mostly during the ovulatory and postovulatory period.
There was no evidence that contaminants had any effect upon testosterone or estrogen levels. Although many partial correlations were negative, there were no significant relationships between testosterone levels and any of the PCBs and pesticides within either Cootes Paradise or Jack Lake. Similarly, there was no relationship between testosterone or estrogen and either PCBs or pesticides among sites. Surprisingly, although the relationships were all nonsignificant, most were positive, which is the opposite ofwhat was predicted. As expected, the concentration of most of the PCBs and pesticides measured were lower in turtles from Jack Lake or Lake Sasajewun than in those from Cootes Paradise or Lynde Creek. Nevertheless, 12 of the 16 PCBs and pesticides tested for were found, albeit at low concentrations, in the samples from the control sites. We did not find the same trend with PCDDs/PCDFs and non-ortho PCBs. Although the pooled levels of PCDDs/ PCDFs and non-ortho PCBs were lowest at Lake Sasajewun, there were no differences among Jack Lake, Cootes Paradise, or Lynde Creek, and for many of these contaminants, the levels were highest at Jack Lake. These results are likely confounded by pooling samples; thus, we could not adjust our analyses with covariation with body size.
There were significant regressions between carapace length and PCB or pesticide concentrations in 8 of the 17 compounds examined from the Cootes Paradise turtles, and every regression but one (nonsignificant) was positive. Conversely, none of the 13 regressions between carapace length and PCB or pesticide concentrations from Jack Lake was significant. Bishop et al. (34) found no relationship between female body size and organochlorine contaminant concentrations in snapping turtle eggs. However, there was a positive relationship between body size and organochlorine concentration in body tissues (23, 35) . We found that larger turtles had higher concentrations of PCBs and pesticides in blood plasma, at least when the level of contamination was already high.
This suggests that the trends in organochlorine contamination in blood plasma follow the same trends as do other tissues. Because turtles from Jack Lake did not show a relationship between body size and contaminant concentration, either we did not have sufficient power to detect the relationship or the contaminants were being metabolized or removed at a rate equal to the rate of uptake. A power analysis (36) with a medium effect size off2 estimated 1- Our two main results seem contradictory. There is no evidence that testosterone production has been impaired or estrogen production enhanced in snapping turtles with high levels of organochlorine contaminants. However, there is evidence that there is some feminization occurring at the contaminated sites. p,p'-DDE inhibits sexual development in rats without affecting plasma testosterone levels (38) . The concentration ofp,p'-DDE that could inhibit androgen receptor activity in the rat was 63.6 ng/g ww (38) , which is of the same magnitude as the mean concentration of p,p'-DDE in the plasma of adult Cootes Paradise turtles (10.1 ng/g ww), total DDT in snapping turtle muscle tissue from the Niagara peninsula in 1989 (164.60 ng/g ww) (23) , and p,p'-DDE in snapping turtle eggs from Cootes Paradise in 1991 (5,910 ng/g ww) (4) . Previous studies have shown that p,p'-DDE is an androgen receptor antagonist and raises the possibility that the changes in sexual characteristics could relate to antiandrogenic activity. These concentrations of p,p'-DDE are sufficiently high to inhibit androgen receptor transcription ability in vitro in rats (38) . Similarly, PCBs have been shown to induce changes in sexual development without alterations to testosterone levels (39) . Our study suggests that external sexual development may be more sensitive to exposure to environmental contaminants than testosterone production or metabolism of adults. Continued exposure during sexual development of juveniles may also contribute to alterations in sexually dimorphic morphology, particularly since the dose of the exposure increases as the turtle gets larger.
Biomonitoring often involves either sampling body tissue (2, 5, 23) or eggs (4, 5, 21, 22 
